We studied the signal pathways for regulation of serine/ threonine protein kinase Akt in Jurkat cells that had been treated with 4-hydroxynonenal (HNE) for caspase-dependent apoptosis induction. Treatment of cells with HNE led to a decrease in the level of Akt activity due to the dephosphorylation at Ser473, a major regulatory phosphorylation site. HNE-mediated dephosphorylation of Akt was prevented by a protein phosphatase 2A (PP2A) inhibitor, okadaic acid, and by a caspase-3 inhibitor, DEVD-CHO. HNE treatment resulted in an increase in the total level of PP2A activity, release of active tyrosine-dephosphorylated PP2A from the cytoskeleton and PP2A-Akt association, which were all dependent on caspase-3 activation. These results suggest that the level of PP2A activity is at least in part determined by its tyrosine phosphorylation, which is dually controlled by okadaic acid-sensitive phosphatases and protein-tyrosine kinases. Possibly underlying the mechanism of caspase-mediated activation of PP2A, HNE treatment resulted in downregulation of the activity of Src kinase, as a representative caspase-sensitive kinase to phosphorylate PP2A at tyrosine. In addition, activated caspase-3 partially cleaved Akt at a late stage of the apoptosis. These results indicate the existence of two distinct caspasedependent signal pathways for downregulation of Akt that works as a mechanism of positive feedback regulation for HNEtriggered apoptotic signals.
Introduction
The growth and survival of cells in multicellular organisms require continuous stimulation from the extracellular environment. While extracellular signal-regulated kinase, a member of the mitogen-activated protein kinase family, is known to be an important mediator of growth factor-mediated cellular growth response, 1 activation of Akt has recently been drawing attention due to its potential role in intracellular signaling pathways to prevent apoptosis and promote cell survival. [2] [3] [4] [5] Downstream targets of Akt include GSK-3, 6 the Bcl-2 family member Bad, 7, 8 the Forkhead family of transcription factors [9] [10] [11] and caspase-9. 12 Phosphorylation of these proteins by Akt prevents them from functioning proapoptotically, thereby favoring the survival-promoting effects of Akt. [5] [6] [7] [8] [9] [10] [11] [12] In response to mitogens and survival factors, Akt is activated through recruitment to the cellular membrane by PI-3 kinase lipid products. [13] [14] [15] During this activation process, Akt becomes phosphorylated at two major sites: Thr308 in the kinase domain and Ser473 in the carboxy-terminal tail. 16 Initially, 3 0 -phosphoinositide-dependent kinase-1 (PDK1) was thought to phosphorylate only Thr308 of Akt; 17, 18 however, a recent study demonstrated the capability of PDK1, after interacting with a PDK1-interacting fragment, to phosphorylate both Thr308 and Ser473. 19 In contrast to the activation of Akt associated with its phosphorylation by PDK1, downregulation of this serine/ threonine kinase is still not fully understood. Recently, Akt has been shown to be dephosphorylated at both Thr308 and Se473 and inactivated in vitro by protein phosphatase 2A (PP2A), [20] [21] [22] which forms a complex with Akt, 23, 24 and to be activated in cells upon treatment with the PP2A inhibitors such as okadaic acid, [20] [21] [22] suggesting that PP2A is a major opponent of PDK1 in the regulation of Akt. PP2A is a multimeric serine/threonine phosphatase with a complex structure in which its catalytic C subunit (36 kDa) is tightly associated with a 65-kDa A subunit forming the core enzyme. 25 The A subunit is a scaffold protein, the primary function of which is to recruit one of a variety of regulatory B subunits. PP2A undergoes post-translational modification either by phosphorylation or by methylation. Phosphorylation occurs in the carboxyl terminus of the catalytic subunit at tyrosine by pp60 v-Src (v-Src), pp56 lck and epidermal growth factor and insulin receptors, resulting in inactivation of the enzyme. [26] [27] [28] However, the reported effects of methylation by methyltransferases in the carboxyl terminus of the PP2A catalytic subunit on its enzymatic activity are conflicting: moderate increase, 29 no effect on 30, 31 or decrease in the activity. 32 It is now known that carboxyl methylation of the catalytic subunit promotes its functional association with the regulatory subunits. 31, 33 In addition to Akt, some other protein kinases, including p70 S6 kinase, 34 calmodulin kinase IV 35 and p21-activated kinase, 34 have been identified as substrates of PP2A, some of which form stable complexes with PP2A.
4-Hydroxynonenal (HNE), a diffusible product of lipid peroxidation, has been suggested to play a key role in oxidative stress-induced cell death. We previously demonstrated that HNE induces cell growth inhibition 36 and apoptotic cell death 37 by targeting the epidermal growth factor receptor (EGFR) 36 and activating the caspase cascade in a redoxlinked way. 37 In the present study, we found that Akt was downregulated in HNE-stimulated Jurkat cells. We also found that inactivation of Akt is due to dephosphorylation of a specific regulatory phosphorylation site (Ser473) by PP2A, the activity of which is elevated in a caspase-dependent manner.
Results

HNE induces inactivation of Akt
To determine possible changes in Akt activity during apoptosis, we stimulated Jurkat cells for an in vitro kinase assay with 20 mM of HNE, an amount that induced apoptosis in our previous study. 37 HNE reduced the catalytic activity of Akt compared to that of the control as revealed by a decrease in the phosphorylation level of an exogenous substrate myelin basic protein (MBP) (Figure 1a) . Interestingly, pretreatment of the cells with cysteine before HNE treatment, which prevented HNE-induced apoptosis, 37 restored the activity of Akt to almost the background level. To further dynamically observe the progress of Akt inactivation, we performed a time-course experiment to measure the activity of Akt with a nonradioactive IP-kinase assay kit using GSK-3 as a specific substrate of Akt. As shown in Figure 1b , Akt was inactivated at 3 h after HNE treatment, as revealed by a drastic reduction in GSK phosphorylation, and phospho-GSK was no longer detectable at 12 h after HNE treatment, suggesting almost complete inactivation of Akt at that time.
Dephosphorylation of Akt at Ser473
It is known that activation/inactivation of Akt depends on phosphorylation/dephosphorylation of the two major regulatory phosphorylation sites Ser473 and Thr308. 16, 21 . We therefore measured the phosphorylation level of Akt using an antibody specific for either phosphoserine 473 or phosphothreonine 308. In untreated control cells, Akt was found to be constitutively phosphorylated at Ser473 at certain levels ( Figure 2a ). When the cells were treated with 20 mM of HNE for 6 h, a dramatic dephosphorylation of phospho-Ser473 was observed. Interestingly, this dephosphorylation of Akt at Ser473 was almost completely blocked by pretreating the cells with cysteine before HNE treatment. A time-course study with 20 mM of HNE showed that dephosphorylation at Ser473 started at 3 h and intensified with prolongation of time ( Figure  2b ). However, 1-h stimulation did not induce dephosphorylation of Akt even with higher concentrations (50-100 mM) of HNE used in this experiment (Figure 2c ). These results demonstrated that HNE-induced dephosphorylation of Akt at Ser473 is time dependent. Intriguingly, no detectable phosphorylation at Thr308 of Akt developed in either HNEtreated or -untreated cells (Figure 2d ), whereas phosphorylation at Thr308 of Akt was clearly detected by stimulating the cells with pervanadate, a potential stimulator of Akt. 20 These results suggested that Akt activity in unstimulated Jurkat cells was maintained mainly by phosphorylation at Ser473, which was the preferential target of HNE for downregulation.
Inhibition of PP2A or caspase-3 prevents Akt dephosphorylation
Dephosphorylation of Akt by HNE led us to examine whether this dephosphorylation was mediated by PP2A, a key protein phosphatase that is responsible for dephosphorylation of Akt. [20] [21] [22] Pretreatment of the cells with okadaic acid, an inhibitor of PP2A, rescued Akt from HNE-mediated dephosphorylation at Ser473 partially by a relatively low concentration (0.1 mM) and completely by a high concentration (1 mM) (Figure 3a ). This result suggested that PP2A was involved in the dephosphorylation process although it did not exclude the possibility of the involvement of other phosphatases such as PP1, PP4 and PP5, which are inhibited by low (in cases of PP2A, PP4, PP6) or high (in case of PP1) concentrations of okadaic acid. [38] [39] [40] Since the result of time course of HNEinduced Akt dephosphorylation (Figure 2b ) corresponded well to the time course of HNE-induced caspase activation in our earlier study, 37 we carried out an experiment to determine whether dephosphorylation of Akt is a consequence of caspase activation. Pretreatment of the cells with a specific 
Interaction of PP2A with Akt
As shown in Figure 4a , a low but detectable amount of the catalytic subunit of PP2A was co-precipitated with Akt in untreated cells, indicating the occurrence of a physiological association of these two proteins. This observation agrees with recently reported findings that PP2A and Akt form a complex for efficient PP2A activity. 23, 24 Interestingly, PP2A-Akt association was greatly promoted by HNE after 3 h of incubation (Figure 4a ), when Akt was actually dephosphorylated drastically ( Figure 2b ). In addition, pretreatment of the cells with DEVO-CHO or okadaic acid before HNE treatment almost completely blocked PP2A-Akt association (Figure 4b ). These data suggested that PP2A mediated Akt dephosphorylation by directly associating with Akt and that this mechanism was also caspase-dependent.
To confirm the involvement of PP2A in the process of HNEmediated Akt dephosphorylation, we next carried out an experiment to determine whether the overall catalytic activity of PP2A was upregulated after HNE treatment. Using a nonradioactive serine/threonine phosphatase assay kit with the phosphopeptide K-R-pT-I-R-R as a substrate, 41 we measured the amount of released phosphate, which indicates the overall phosphatase/PP2A activity. HNE treatment caused an increase in phosphate release, indicating elevated PP2A activity, which was blocked by pretreating the cells with a relatively low concentration of okadaic acid ( Figure 5 ). In addition, a caspase inhibitor, DEVD-CHO, also inhibited the HNE-mediated increase in phosphate release. 
Activation of caspases does not induce obvious proteolysis of PP2A
The finding of requirement of both caspase and PP2A for HNE-induced dephosphorylation of Akt led us to investigate their possible relation in this process. It is known that the regulatory A subunit of PP2A either inhibits or stimulates the catalytic C subunit depending on the reaction conditions and on the size and type of the substrate. 42 A recent study has shown that PP2A is activated through cleavage of its A subunit by caspase-3 in Fas-induced apoptosis. 43 We carried out an experiment to determine whether treatment with HNE, which activates caspases, 37 could lead to proteolysis of the A subunit linked to the increased PP2A activity. As shown in Figure 6 , however, no obvious cleavage of the A subunit was detected at any time points tested from 3 to 24 h, demonstrating that HNE-mediated activation of PP2A might not primarily involve caspase-mediated degradation of the A subunit. The levels of the catalytic subunit also remained unchanged at these same times.
HNE promotes release of tyrosinedephosphorylated PP2A
It has been demonstrated that PP2A directly binds to cytoskeletal microtubules in vitro and in cells. [44] [45] [46] The binding of PP2A with assembled tubulin results in an inhibition of its catalytic activity, while disassembly of microtubules may result in the release and activation of PP2A. We carried out an experiment to determine whether HNE-induced upregulation of PP2A activity was associated with its increased release from PP2A-microtubule complexes. After lysing of the cells with lysis buffer, cell lysates were centrifuged to separate the supernatant and the pellet (containing cytoskeletal proteins) fractions. The supernatants were immunoprecipitated with anti-PP2A antibody, and the pellets were directly dissolved in sample buffer. As shown in Figure 7 , the amount of PP2A immunoprecipitated from the supernatant of HNE-treated cells was increased compared to that immunoprecipitated from the supernatant of untreated cells (top panel); conversely, the amount of PP2A remaining in the tubulincontaining (fifth panel from the top) pellet (third panel) was decreased, suggesting promoted relocalization of PP2A from the detergent-insoluble pellet to the soluble supernatant fraction. PP2A protein levels in the detergent-insoluble pellet fraction decreased following the HNE treatment in association with a reduction in the levels of tyrosine phosphorylation of the protein bands (fourth panel), suggesting a connection between PP2A protein release from the pellet fraction and its dephosphorylation. Intriguingly, this HNE-induced promotion of the release of PP2A from the detergent-insoluble fraction to the detergent-soluble fraction was prevented by DEVD-CHO. Examination of the whole-cell lysates showed equal amounts of PP2A and tubulin in all HNE-treated and -untreated cells (sixth and seventh panels), which normalized original sample amounts before fractionation.
Since it was reported previously that PP2A is inactivated through in vitro tyrosine phosphorylation by the Src family or other protein-tyrosine kinases, [26] [27] [28] we examined the tyrosine phosphorylation levels of PP2A in the above samples. As also shown in Figure 7 , no staining for tyrosine phosphorylation was observed on any bands for PP2A from the supernatants (second panel from the top), whereas we detected positive staining on PP2A bands from the pellet (fourth panel from the top). HNE treatment of the cells resulted in a reduction in the level of tyrosine phosphorylation of the PP2A band from the pellet (lane 2 from the left) compared with that of the control (lane 1), and this reduced level was restored by preincubation with DEVD-CHO (lane 3). These results suggest that PP2A is bound to cytoskeletal proteins in close association with its tyrosine phosphorylation, that inactivation and dephosphorylation causes release of PP2A to the cytosol for activation, and that HNE causes reduction of the tyrosine phosphorylation level of PP2A for its cytosolic release and activation through a caspase-dependent mechanism.
HNE downregulates the catalytic activity of Src
It has been reported that tyrosine phosphorylation of PP2A is induced in the carboxyl terminus of the catalytic subunit by a number of protein-tyrosine kinases, including v-Src. 26, 27 Using cells expressing v-Src at a high level, we tested the hypothesis that HNE-induced activation of caspase could lead to downregulation of the catalytic activity of protein-tyrosine kinases, represented by v-Src. As shown in Figure 8 , HNE caused reduction of the kinase activity of v-Src as indicated by a decrease in autophosphorylation and phosphorylation of enolase as an exogenous substrate at the time when cytosolic release and activation of PP2A was increased. This HNEmediated reduction of v-Src kinase activity was prevented by DEVD-CHO, demonstrating a role of caspase in the mechanism.
Degradation of Akt
In addition to the abovementioned dephosphorylation/ inactivation of Akt by a PP2A/caspase-dependent mechanism, caspase might also directly attack Akt for degradation. We tested this possibility using an anti-Akt antibody that recognizes both the intact protein and the cleaved fragments. We found that within 6 h after HNE stimulation, at which time significant dephosphorylation and inactivation of Akt had occurred, no obvious proteolysis of Akt had occurred (Figure 9a ). However, when the cells were stimulated by HNE for a longer time, clearly cleaved fragments of Akt were detected. This Akt degradation was blocked by DEVD-CHO but not by okadaic acid (Figure 9b ). These results suggest that HNE-induced degradation of Akt at a later stage is caspase-3-dependent but PP2A-independent.
Discussion
In this study, we demonstrated that the lipid peroxidation product HNE induced dephosphorylation and inactivation of Akt at the second stage (Figures 1 and 2) following the previously reported 37 first-stage event for initial activation of caspase-3. Mitogens/growth factors-induced activation of Akt coupled with its phosphorylation at Thr308 and Ser473 is known to prevent apoptosis by mediating phosphorylation of a number of downstream targets, including GSK-3/Bad/caspase-9, 6,7,10 which ultimately promotes cell survival. In some groups, 100 mM of DEVD-CHO was added 1 h prior to the addition of HNE. The cells were then lysed with RIPA buffer, and the cell lysates were immunoprecipitated with anti-Src antibody. The immunoprecipitates were examined for Src kinase activity by a radioactive in vitro kinase assay using enolase as an exogenous substrate Figure 7 HNE promotes release of tyrosine-dephosphorylated PP2A. Jurkat cells were incubated with or without 20 mM of HNE for 6 h at 371C. In some groups, 100 mM of DEVD-CHO was added 1 h prior to the addition of HNE. The cells were then lysed with RIPA buffer and centrifuged to separate supernatant (detergent-soluble) and pellet (detergent-insoluble) fractions. Anti-PP2A antibody was added to the supernatant for immunoprecipitation, and sample buffer was added to the pellet to dissolve pelleted proteins. Immunoblot assay was performed using anti-PP2A/C antibody with these samples together with a set of whole-cell lysate samples (panels 1, 3 and 6 from the top). PP2A/C membranes were stripped and reprobed with anti-Ptyr antibody (panels 2 and 4 from the top) and anti-tubulin antibody (panels 5 and 7). Representative results of four experiments with consistent results are shown ylation at both Ser473 and Thr308, 16 whereas Akt activation by TNF-a involves phosphorylation at Ser473 but not at Thr308. 47 The results of the present study suggest that Ser473, but not Thr308, of Akt, is constitutively phosphorylated in Jurkat cells, potentially for maintaining their survival, and that the Akt activity is downregulated by treatment of the cells with HNE ( Figure 1 ) through dephosphorylation of Ser473 (Figure 2 ). We previously showed that treatment of Jurkat cells with HNE-induced activation of caspase-3, leading to cellular apoptosis. 37 In the present study, we demonstrated that the HNE-mediated promotion of Akt Ser473 dephosphorylation was caspase-3-dependent ( Figure  3) . Therefore, it is thought that the observed HNE-mediated Akt inactivation works as a positive feedback regulation of the once-started HNE-mediated caspase-dependent pathway for apoptosis.
Since Akt was previously reported to be dephosphorylated and inactivated by PP2A in vitro, [20] [21] [22] we examined the involvement of PP2A in HNE-mediated dephosphorylation of Akt. Our results showing the rescue of HNE-mediated dephosphorylation of Akt by the PP2A inhibitor okadaic acid (Figure 3 ) led us to assume that PP2A plays a role in the process of this dephosphorylation. Since okadaic acid inhibits not only PP2A but also PP1, PP4 or PP5, [38] [39] [40] there remains the possibility that multiple phosphatases are involved in the mechanism, although 1,2-dioleoyl-sn-glycero-3-phosphate, an inhibitor of PP1 48 did not obviously inhibit the phosphatase activity on phospho-Akt (Liu et al., unpublished data). The assumption that PP2A plays a key role in the regulation of Akt, whether or not other phosphatases are additionally involved, was, however, supported by the finding of HNE-induced increase in binding of Akt with PP2A (Figure 4) , through a relatively low concentration of okadaic acid-sensitive mechanism, that might have favored the enzyme (PP2A)-substrate (Akt) reaction for dephosphorylation. Correspondingly, we showed that treatment of the cells with HNE induced an overall increase in the level of a relatively low concentration of okadaic acid-sensitive PP2A activity in the detergent-soluble membrane/cytosol fraction of cell lysates to dephosphorylate the phosphopeptide K-R-pT-R-R ( Figure 5 ). What could then be the molecular mechanism of HNE-induced increase in okadaic acid-sensitive cellular PP2A activity? We showed that HNE-mediated promotion of Akt (Ser473) dephosphorylation, formation of a complex between Akt and PP2A and overall increase in cellular phosphatase/PP2A activity are all prevented by the addition of DEVD-CHO as a caspase inhibitor. Santoro et al. 43 recently reported that caspase-3 regulates the activity of PP2A during anti-Fas antibody apoptosis. They showed that caspase-3 cleaves the regulatory A subunit of PP2A in anti-Fas antibody-treated Jurkat cells, resulting in its activation. However, unlike the anti-Fas antibody, HNE did not detectably induce degradation of the regulatory A subunit of PP2A at any time during the period of 3-24 h after HNE treatment ( Figure 6 ).
It is possible that some cleavage that was not detectable by the method we used, but was efficient for modifying the regulatory activity of the subunit, upregulated the PP2A activity in HNE-treated cells. Further study has, however, demonstrated an alternative, though not mutually exclusive, mechanism for HNE-mediated upregulation of PP2A activity. We found that HNE induced an increase in the release of PP2A into the detergent-soluble fraction of cell lysates from the detergent-insoluble fraction ( Figure 7 ) in association with an increase in catalytic activity of PP2A in the former fraction ( Figure 5) . Recently, Hiraga and Tamura 44 and Sontag et al. 45, 46 have demonstrated that PP2A could directly be bound to microtubules/cytoskeletal proteins in vitro and in cells. They further showed that interaction of PP2A with assembled tubulins inhibited its catalytic activity, whereas disassembly of microtubules resulted in the release of PP2A into the cytosol in a form with strong catalytic activity. The results of our study have provided for the first time, evidence that the level of tyrosine phosphorylation of PP2A at tyrosine primarily determines its intracellular localization; tyrosine-phosphorylated PP2A was bound to the cytoskeleton, the dephosphorylation of which caused its release from the cytoskeleton.
We demonstrated that the mechanism of HNE-mediated release of an active form of tyrosine-dephosphorylated PP2A from the detergent-insoluble fraction to the detergent-soluble fraction was caspase-dependent ( Figure 7) . Tyrosine phosphorylation levels of PP2A are thought to be regulated by both protein-tyrosine kinase and okadaic acid-sensitive phosphatase activities, including PP2A activity itself, for autodephosphorylation. 26, 49 Some cleavage of the regulatory or catalytic subunits of PP2A, which we failed to demonstrate in this study (Figure 6 ), might promote the PP2A activity for autodephosphorylation. However, the mechanism of the caspasedependent HNE-mediated upregulation of PP2A activity may also involve the control of protein-tyrosine kinases such as v-Src, which phosphorylates PP2A at tyrosine in the carboxyl terminal of the catalytic subunit. 26, 27 In support of this view, we showed that the catalytic activity of v-Src, a representative of protein-tyrosine kinases that phosphorylate PP2A, 26, 27 was downregulated in a caspase-dependent manner in the HNE-treated cells around the time when the PP2A activity was upregulated (Figure 8 ). The details of the mechanism of caspase-dependent downregulation of Src kinase in HNE-treated cells remain to be clarified. However, it has been reported that Src proteins can be the substrate of caspase-3 to be cleaved at its C-terminal portion for inactivation. 50 Taken together, the results suggest that HNE-induced activation of caspase at the first stage 37 leads to downregulation of Src and potentially other protein-tyrosine kinases at the second stage, possibly through its cleavage by caspase, which reduces the level of tyrosine phosphorylation of PP2A and thereby promotes its release from the cytoskeleton and catalytic activity to dephosphorylate Akt for inactivation. Furthermore, we demonstrated that the caspase/ PP2A-dependent mechanism of Akt dephosphorylation and inactivation, which worked during the period from 3 to 6 h after HNE treatment, was followed by a caspase-dependent but PP2A-independent mechanism for direct Akt degradation at a later stage. We therefore conclude that the HNE-triggered signal pathway for caspase activation at the first stage is subjected to two distinct (PP2A-linked and -unlinked) positive feedback regulations through downregulation of Akt at the second stage, as illustrated in Figure 10 .
Oxidative stress-linked increased production of HNE is believed to be an important factor in the development of a number of diseases, such as atherosclerosis, diabetes and age-related neurodegenerative diseases such as Alzheimer's disease. [51] [52] [53] [54] HNE may change cellular functions in different steps, which may collectively work for an ultimate goal of disease progression. HNE is highly reactive with proteins and glutathiones, and it easily forms HNE-protein adducts and consumes the cellular glutathione pool. 37, 55 We have shown in earlier studies that these properties of HNE cause protein-tyrosine kinase activation through the formation of an HNE-cell surface protein adduct on the one hand 37 and triggering the caspase cascade through depletion of the glutathione pool on the other. 37 The present study has newly demonstrated a connection between these two HNE actions in such a way as HNE-mediated caspase activation leads to downregulation of initially HNE-stimulated protein-tyrosine kinases as a feedback regulation, which ultimately promotes HNE-mediated caspase activation for apoptosis induction. Whereas the previously reported first-stage actions of HNE require direct interactions of HNE with target cellular molecules, such as cell surface receptors, for inducing activation of protein tyrosine kinases 36 and with the glutathione pool for triggering the redox-linked signal for the initial activation of caspase-3, 37 the secondstage actions of HNE newly demonstrated in the present study, which trigger early and late signal pathways for downregulation of Akt, seem to primarily involve the action of caspase-3, the activity level of which has been elevated by the first-stage action of HNE (Figure 10 ). In short, all the results we obtained in the present study suggest novel pathways for positive feedback regulation of the caspase-3-dependent signal for induction of cellular apoptosis.
Materials and Methods
Cell culture and stimulation
Human T-cell leukemia Jurkat cells were cultured in RPMI-1640 medium (Sigma, St. Louis, MO,USA) supplemented with 10% heat-inactivated fetal bovine serum (ThermoTrace, Melbourne, Australia), 100 U/ml penicillin and 100 mg/ml of streptomycin. Cultures were maintained at 371C in a humidified 5% CO 2 atmosphere. Before stimulation, the cells were washed with serum-free RPMI medium and then incubated in serum-free medium with stimulators before use. For some experiments, NIH3T3 cells transformed with v-Src were used. These cells were cultured in the same way using Dulbecco's modified Eagle's medium (DMEM) (Sigma) instead of RPMI-1640 medium. Confluent cells were collected with 0.25% trypsin and 0.01% EDTA in phosphate-buffered saline and were split into 60-mm plastic plates with DMEM containing 10% fetal bovine serum for a further 20-24-h incubation. The cells were then rinsed with fresh modified Eagle's medium twice and incubated in modified Eagle's medium at 371C for 1 h before use.
Reagents and antibodies
HNE was obtained from Cayman Chemical (Ann Arbor, USA). The caspase-3 inhibitor DEVD-CHO was purchased from Kamiya Biomedical Company (Seattle, USA), and the PP2A inhibitor okadaic acid was purchased from RBI (Natick, USA). Polyclonal anti-Akt, antiphospho-Akt (Thr308) and antiphospho-Akt (Ser473) antibodies were purchased from Cell Signaling (Beverly, USA). Monoclonal anti-PP2A specific for the catalytic C subunit and caspase-3 antibodies were purchased from Transduction Laboratories (Lexington, USA). Polyclonal anti-PP2A specific for the regulatory A subunit was purchased from Chemicon International (Temecula, USA). Monoclonal anti-phosphotyrosine (Ptyr) antibody was purchased from Upstate Biotechnology (Lake Placid, NY, USA). Monoclonal anti-Src antibody was kindly donated by Dr JS Brugge (State University of New York, Albany, NY). 56 Monoclonal rat antitubulin antibody was obtained from Oxford Biotechnology Limited, Oxford. Goat anti-rabbit/anti-mouse/anti-rat antibodies conjugated with horse-radish peroxidase, which were used as second antibodies in immunoblotting, were purchased from Bioscience International (Rockville, MD, USA). All the phospho-dependent antibodies for Western blots were tested on control cell samples pretreated with alkaline phosphatase (see below), the results of which confirmed that the signal obtained with these antibodies is due to protein phosphorylation (an example of data is included in Figure 2 ).
Electrophoresis and immunoblotting
Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting were performed as described previously. 36 Whole cells, the pellet fraction of lysis buffer (30 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM sodium orthovanadate and 1 mM phenylmethylsulfonyl fluoride)-lysed cells (see below) or proteins immunoprecipitated from the supernatant fraction of lysis buffer-lysed cells (see below) were dissolved in SDS-sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 5% 2-mercapto ethanol, 10% glycerol) followed by boiling for 3 min to denature the proteins. For dephosphorylated sample preparation, 400 U of Lambda Protein Phosphatase (l-PPase; New England Biolabs, Beverly, MA, USA) was added to the cell lysate prepared in l-PPase buffer (50 mM Tris-HCl (pH 7.5), 0.1mM Na 2 EDTA, 5 mM dithiothreitol, 0.01% Brij 35, 2 mM MnCl 2 ), and the mixture was incubated at 301C for 30min. Proteins thus obtained were subjected to SDS-PAGE with 10% gel and were transferred to a polyvinylidene difluoride membrane. The membrane was incubated with blocking buffer (5% nonfat dry milk or 3% bovine serum albumin) at 41C overnight followed by incubation with a specific first antibody for 2-3 h at room temperature. After washing, the membrane was incubated with an appropriate second antibody for 1-2 h. The proteins in the membrane were visualized by Western Blot Chemiluminescence Reagent (DuPont NEN, Boston, MA, USA), as directed by the manufacturer. The molecular sizes of the developed proteins were estimated by comparison with prestained protein markers (New England Biolabs).
Immunoprecipitation
Cells were lysed with ice-cold lysis buffer, and the lysates were separated by centrifugation at 15 000 Â g for 15 min into the supernatant (detergentsoluble membranous/cytosolic proteins) and pellet (detergent-insoluble cytoskeletal proteins) fractions. For immunoprecipitation, anti-Akt, anti-PP2A or anti-Src antibodies were added to the supernatant, and the immunoprecipitates were collected by incubating with protein A sepharose beads (Pierce, Rockford, IL, USA). The beads bearing the immunoprecipitates were washed three times with ice-cold lysis buffer and used for either immunoblotting or in vitro kinase assay.
In vitro kinase assay
The immunoprecipitates that were collected as described above were washed three times with kinase buffer (10 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 ). The pellet thus obtained was used for assaying Akt or Src kinase activity by suspending it in 30 ml of kinase buffer containing 2.0 mg of MBP (Sigma) or enolase (Sigma) and radiolabeled (g-32 P)ATP (370 kBq) (NEN, Wilmington, DE, USA). The kinase reaction was carried out for 20 min at 301C and was stopped by adding SDS-sample buffer. The samples were seperated on a 10% (for Src) or 13% (for Akt) SDS-polyacrylamide gel, and the gel was exposed to X-ray film at À801C for autoradiography after drying.
Akt kinase assay was also performed using a nonradioactive IP-kinase assay kit (Cell Signaling, Beverly, USA) as directed by the manufacturer. Briefly, immunoprecipitated Akt was incubated with cold ATP and GSK-3 fusion protein, an Akt substrate, followed by detection of phosphorylated GSK-3 by immunoblotting with a specific antiphospho-GSK-3a/b (Ser21/ 9) antibody.
Determination of PP2A activity PP2A activity was determined by the use of a nonradioactive, malachite green-based serine/threonine phosphatase assay kit (Upstate Biotechnology, Lake Placid, NY, USA) as previously described. 41 Briefly, 5 mg of cellular proteins extracted in lysis buffer were incubated with 175 mM of the phosphopeptide (K-R-pT-I-R-R) and PP2A buffer (20 mM MOPS, pH7.5, 60 mM 2-ME, 0.1 M NaCl and 0.1 mg/ml serum albumin) in a total volume of 25 ml. Reactions were started by the addition of the phosphopeptide substrate and conducted for 10 min at room temperature. The reactions were terminated by the addition of malachite green solution, and then the solution was left for 15 min to allow for color development. The plate was then read at 650 nm with a microplate reader, and the amount of phosphate released was calculated from a standard curve. The reaction buffer and phosphorylated substrate in this assay have been designed to detect PP2A, but this assay may not fully discriminate between PP2A and PP1. 41 Therefore, the sensitivity of measured phosphatase activity to 0.1 mM okadaic acid, which inhibits PP2A but not PP1, was checked for the assay.
